To evaluate the birefringence properties of eyes with age-related macular degeneration (AMD). To compare the information from two techniques-scanning laser polarimetry (GDx) and polarization-sensitive spectral-domain optical coherence tomography (OCT)-and investigate how they complement each other. METHODS. The authors prospectively examined the eyes of two healthy subjects and 13 patients with exudative AMD. Using scanning laser polarimetry, they computed phase-retardation maps, average reflectance images, and depolarized light images. To obtain polarimetry information with improved axial resolution, they developed a fiber-based, polarization-sensitive, spectral-domain OCT system and measured the phase retardation associated with birefringence in the same eyes. RESULTS. Both GDx and polarization-sensitive spectral-domain optical coherence tomography detected abnormal birefringence at the locus of exudative lesions. Polarization-sensitive, spectral-domain OCT showed that in the old lesions with fibrosis, phase-retardation values were significantly larger than in the new lesions (P ϭ 0.020). Increased scattered light and altered polarization scramble were associated with portions of the lesions. CONCLUSIONS. GDx and polarization-sensitive spectral-domain OCT are complementary in probing birefringence properties in exudative AMD. Polarimetry findings in exudative AMD emphasized different features and were related to the progression of the disease, potentially providing a noninvasive tool for microstructure in exudative AMD. (Invest Ophthalmol Vis Sci. 2008; 
A ge-related macular degeneration (AMD) is a major cause of severe visual loss among older people in developed countries. 1 In AMD, the severe loss of central vision is often attributed to exudative lesions. Accurate investigation of exudative lesions is crucial for accurate evaluation and treatment of exudative AMD.
Polarimetry techniques have been developed to emphasize selectively the different layers of the retina. The most typical polarimetry technique used in ophthalmology is scanning laser polarimetry for glaucoma diagnosis. 2, 3 In the original conceptualization, the retardation of the retinal nerve fiber layer is estimated using the light returning from the ocular fundus. 3, 4 More recently, customized software to analyze data from scanning laser polarimetry was developed to investigate the polarization properties of macular disease. 5, 6 Multiply scattered light, which helps visualize the retinal pigment epithelial (RPE) layer and deep retinal lesions, was emphasized by detecting depolarized light and rejecting light that retains polarization. [5] [6] [7] [8] [9] [10] [11] Phase-retardation maps were used to detect abnormal fibrotic changes in the retina. 6 The borders of well-defined choroidal neovascular membrane (CNV) were clearly defined in the depolarized light image. 6 Thus, scanning laser polarimetry has some potentiality to evaluate the macular disease. However, it does not provide depth-resolved information about the polarization properties of the retina. Therefore, the depth of the origin of the polarization change has not yet been demonstrated.
Optical coherence tomography (OCT) is a widely used imaging tool in ophthalmology, 12 especially for retinal disease accompanied by morphologic changes, including AMD. Depthresolved information about polarization has been obtained using polarization-sensitive optical coherence tomography (PS-OCT). 13, 14 Birefringence of the nerve fiber layer 15 and polarization scramble at the retinal pigment epithelium 16 were measured with time-domain PS-OCT, but three-dimensional measurements were limited because of the scanning speeds of these systems. Recently, dramatic advances in OCT technology 17, 18 have facilitated improvements in three-dimensional PS-OCT measurements. PS spectral-domain OCT (PS-SD-OCT) 19 -22 allows the collection of three-dimensional retinal information about polarization properties. 19 The combination of scanning laser polarimetry and PS-SD-OCT offers a variety of possibilities for diagnosis. For instance, using the en face image of PS-SD-OCT, a direct comparison between scanning laser polarimetry and PS-SD-OCT is possible. Further, the origin of polarization changes in scanning laser polarimetry images can be detected and quantified with PS-SD-OCT. Structures seen in the scattered light images can be further probed in depth with PS-SD-OCT to determine the spatial relation of highly reflective structures or increased birefringence seen in PS-SD-OCT to a focal increase in scattered light in scanning laser polarimetry. Therefore, in this study, we compared scanning laser polarimetry images and PS-SD-OCT images of the same eyes to evaluate the birefringence properties of retinas with exudative AMD.
METHODS

Scanning Laser Polarimetry
scanning laser polarimetry. This system is a confocal scanning laser ophthalmoscope that analyzes the effect of the traversal of light through the eye on the polarization state of the light. Linearly polarized light at 780 nm scans the retina in a raster pattern, with a measurement area of 15°ϫ 15°visual angle. The returning light is separated into two beams by a polarizing beam splitter and travels to the uncrossed polarized detector and the crossed detector. Acquisition time is 0.7 second for an image series.
In this study, we used a scanning laser polarimeter with a fixed compensator that has a magnitude of 60 nm and a polarization axis of 15°nasally downward (single-pass retardance), which is uniform across the pupil plane. This fixed compensator usually cannot cancel the corneal birefringence, and GDx images showed the macular bowtie pattern that is expected because of the interaction of corneal and foveal birefringence. A later model of GDx (GDx-VCC; Carl Zeiss Meditec, Dublin, CA) has a variable corneal compensator to reduce the influence of corneal birefringence on the measurements of retinal nerve fiber layer birefringence, but we chose the GDx with the fixed compensator for two reasons. First, for the appropriate operation of the variable corneal compensator, the Henle fiber layer should be intact. 3 However, microstructures of Henle fiber might be disrupted in the presence of significant macular disease, 11 and macular strategies for neutralization of corneal birefringence using GDx-VCC can fail. 23 Therefore, there are no obvious advantages of the GDx-VCC over the GDx with fixed compensator for advanced cases of AMD. 23 Second, the instrument is in the same state for all patients tested, with the compensator differing only between left and right eyes; therefore, individual calibrations are unnecessary. The disadvantage of using the GDx with fixed compensator is that the polarimeter images are not comparable between patients. However, the images were sufficient for comparison with our PS-SD-OCT images.
The details of our computation for polarimetry images have been described previously; we computed the phase-retardation map, the depolarized light image, and the average reflectance image. 5, 6 After correction for eye movements, the phase-retardation map was computed from the modulation of the light returning to the crossed detector. The depolarized light image was computed as the minimum value of light returning to the crossed detector for all input polarization angles. The average reflectance image was computed as the grand mean of the light returning to both detectors for all input polarization states. This image represented the average relative reflectance of the retina and was similar to that obtained with a typical confocal scanning laser ophthalmoscope with polarization-insensitive detectors. 5 Intensities of the computed polarimetry images varied widely, and, as expected, the phase-retardation maps were too dark for subjective evaluation without further manipulation. For better visualization, the distribution of intensities in each image was adjusted as follows: minimum to maximum intensities in the images were converted to a grayscale that ranged from 0 to 255 grayscale units.
PS-SD-OCT
Detailed description of the prototype PS-SD-OCT system, built by the Computational Optic Group at the University of Tsukuba, has been published. 20 The light source is a superluminescent diode with a central wavelength of 840 nm and bandwidth of 50 nm. The experimental axial resolution is 8.3 m in the air and 6.0 m in tissue. With this system, all the elements of the Jones matrix involving birefringence of the optical fiber, cornea, and retina are obtained. To compensate birefringence of the optical fiber and cornea, the Jones matrix is diagonalized using the signal at the retinal surface. 24 Retinal phase retardation is calculated from this Jones matrix-based algorithm, and the phase-retardation map of the eye is visualized as a depth-resolved image displayed on the scale of the conventional cross-sectional OCT intensity image.
The approximate measurement area is 3.8 mm ϫ 3.8 mm on retina, and a raster scanning protocol from inferior to superior with 1023 A-scans ϫ 140 B-scans is used for all measurements of PS-SD-OCT. The scanning rate was 27,700 A scans per second, and the acquisition time for three-dimensional images was 5.5 seconds. Data points corresponding to intensities below a criterion threshold are excluded in the phase-retardation images. In these images, the hue represents the phase retardation ranging from 0°to 180°, and the brightness represents the intensity of the OCT signals. In PS-OCT, the reflected light from deeper regions always passes through the upper media and thus involves the cumulative effect of the birefringence. Hence, the phase retardation measured by PS-OCT is cumulative along the depth, and cumulative phase retardation increases with increasing depth because the polarization is set to 0 at the retinal surface. For quantitative evaluation, we calculated the mean cumulative phase-retardation value at the deepest portion of the region of interest. To compare recent with longstanding lesions, we compared the mean cumulative phaseretardation values at the CNVs that occurred within 2 months before the test (patients 6 -9) and phase-retardation values at the disciform scars (patients 10 -13).
Subjects
All investigations were performed using a protocol that adheres to the tenets of the Declaration of Helsinki, and it was approved by the Institutional Review Boards of the University of Tsukuba and Tokyo Medical University. For healthy subjects, two healthy Japanese volunteers (2 males; 46 and 26 years of age) without detectable ocular disease were selected. To evaluate exudative AMD, we prospectively examined 13 eyes of 13 Japanese patients (10 males, 3 females; 51-82 years of age [mean age, 72.1 years]; Table 1 ). Of these patients, 5 had RPE detachment, 3 had early-stage exudative AMD with predominantly classic choroidal neovascular membrane (CNV), 1 had exudative AMD with RPE tear, 3 had end-stage of exudative AMD with disciform scar, and 1 had a recurrence of CNV after photodynamic therapy. All eyes 
RESULTS
Healthy Subjects
In the GDx images of the healthy subjects, images differing in polarization content emphasized different aspects of features (Fig. 1) . The average reflectance images clearly showed the high reflections at the center of the vessels observed at the major retinal vessels, and this finding is typical of confocal images (Fig.  1A) . 7, 10, 25 Phase-retardation maps showed the macular bowtie pattern that was expected because of the interaction of corneal and foveal birefringence, and there was a systematic radial change in birefringence (Fig. 1B) . Superficial features, such as reflections at the center of the retinal vessels, were significantly reduced in the depolarized light images (Fig. 1C) . 7, 10 The en face projection images generated from the threedimensional intensity OCT data showed a clear retinal vascular pattern (Fig. 1D ) and enabled precise registration of PS-SD-OCT data with images from scanning laser polarimetry. In the intensity images of B-scan PS-SD-OCT, all retinal layers typical in high-resolution OCT 26 -28 could be observed (Fig. 1E ). In the cumulative phase-retardation images of the B-scan PS-SD-OCT, hue and brightness showed the phase retardation and intensity, respectively. In the normal retinas, the retardation image showed multiple layers of the brightness, which corresponded to the conventional OCT images of retina. However, hue of the retardation images in the normal retina was constant throughout the retina except the RPE layer, which means that the phase retardations were constant throughout these layers. Polarization scramble was observed at the RPE layer (Fig. 1F) . The cumulative phase-retardation values at the intersection of inner and outer segments of photoreceptor in two healthy subjects were 15°and 16°, respectively.
Exudative AMD
For exudative AMD, we evaluated a range of pathologic changes, as described in Methods. In both GDx and PS-SD-OCT, polarimetry findings in exudative AMD emphasized different aspects of features and were related to the progression of the disease. Five patients with RPE detachments were evaluated for this study (Table 1, Fig. 2 ). Color images showed RPE detachments and surrounding exudation ( Fig. 2A) . Average reflectance images clearly showed areas with RPE detach- 
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Imaging Polarimetry in AMD 2663 ments as well, demarcated low-intensity areas that typically indicate the presence of fluid (Fig. 2B) . In phase-retardation maps of the GDx, macular bowtie patterns were observed (Fig. 2C) . The depolarized light images, similar to the average reflectance images, indicated RPE detachments surrounded by fluid, but there was neither extensive pigment mottling of the retinal pigment epithelium nor evidence of retinal vascular anomalous complex activity indicating retinal damage (Fig. 2D ). In the intensity images of OCT B-scan, the RPE detachments were clearly observed, and the microstructures of retinal layers from internal limiting membrane to retinal pigment epithelium were well preserved (Fig. 2E ).
In the B-scan cumulative phase-retardation images of PS-SD-OCT, polarization scramble at the RPE layers was clearly observed and implied that microstructures of retinal pigment epithelium were well preserved (Fig. 2F ). This polarization scramble was also detected in the en face retardation image of PS-SD-OCT (Fig. 2G) . In other retinal layers, retardations were low and constant throughout the retinas except in RPE layers, and there were no obvious abnormal birefringence at the RPE detachments in the PS-SD-OCT images. We evaluated the three patients with early-stage exudative AMD with predominantly classic CNV ( Table 1, Fig. 3 ). All patients noticed visual disturbances no more than 2 months before the test. Fluorescein angiograms demonstrated the areas of leakage (Fig. 3A) . Average reflectance images of the GDx visualized the fluids in CNVs as low-intensity areas, with the surrounding exudates as bright features (Fig. 3B) . Macular bowtie patterns in the phase-retardation maps of the GDx were observed; however, the contours were disrupted at the areas with exudation (Fig. 3C) . The depolarized light images visualized CNVs as high-intensity areas surrounded by low-intensity areas (Fig. 3D) . The intensity images of B-scan OCT showed CNVs as highly reflective lesions that elevated the overlying retinas, and the RPE layers were disrupted in a corresponding manner (Fig. 3E) . CNVs had low birefringence in the cumulative phase-retardation images of B-scan PS-SD-OCT (Fig. 3F) . This implied that the CNV contained only a small fibrotic change because increased amounts of proteins, such as collagen or fibrin, provide a strong birefringence signal well known in wound healing. 29 Cumulative phase-retardation values at the CNVs were distributed from 20°to 42°. The RPE layers were disrupted to varying degrees, but the depths of the layers were fairly uniform, whereas the elevations of the overlying retinas varied greatly. Comparison of the left and right portions of the lesion and of the retinal pigment epithelium beneath the flatter (Figs. 3E, 3F ). These findings implied that the microstructure of retinal pigment epithelium was damaged to varying degrees beneath the lesion. We evaluated a the eye of a patient with CNV and RPE tear (Table 1 ; Fig. 4 ). Indocyanine angiography clearly showed the RPE tear as a hypofluorescent area adjacent to CNV (Fig. 4A) . The average reflectance images and the depolarized light image of GDx showed the RPE tear as a high-intensity area, consistent with previous near infrared imaging 30 (Figs. 4B, 4D ). In the depolarized light image, an area of CNV was shown as a spotted high-intensity area (Fig. 4D) , and the CNV and RPE tear were surrounded by a low-intensity area. The macular bowtie pattern in the phase-retardation map of the GDx was disrupted in the area with exudation (Fig. 4C) . The intensity image of the B-scan OCT showed the CNV as a highly reflective lesion, and this lesion had low birefringence in the PS-SD-OCT image (Figs.  4E, 4F) . The cumulative phase-retardation value at the CNV was 31°. The RPE tear could be observed in the inferior-tosuperior intensity image of B-scan OCT and was clearly demonstrated as a discontinuity of intensity and of polarization scramble in PS-SD-OCT images (Figs. 4G, 4H) .
We evaluated three eyes at the end stage of exudative AMD with disciform scars (Table 1; Fig. 5 ). Color images showed the light-scattering properties of scars (Fig. 5A) . Average reflectance images of the GDx showed the disciform scars as high-intensity areas demarcated with neighboring low-intensity areas (Fig. 5B) . In the phase-retardation maps of the GDx, abnormal strong birefringence at the disciform scars-but no obvious macular bowtie-was observed (Fig. 5C ). The depolarized light images showed disciform scars as low-intensity areas that included smaller bright regions surrounded by pigment changes (Fig. 5D ). In the intensity images of B-scan OCT, highly reflective layers were observed in deep retinal layers, and the RPE layers were hardly distinguishable (Fig. 5E ). In the phase-retardation images of B-scan PS-SD-OCT, areas of abnormal birefringence were observed corresponding to these highly reflective layers, and polarization scramble at the RPE layer could not be detected (Fig. 5F ). Cumulative phase-retardation values at the CNVs were distributed from 115°to 127°. In the cutaway volumes of phase-retardation images of PS-SD-OCT, there were sharp changes across the retinas that were not seen in normal eyes (Fig. 5G) . Areas with abnormal birefringence corresponded to areas with disciform scars and areas with abnormal birefringence in GDx images.
In an eye with recurrence after photodynamic therapy, two distinctive exudative lesions were observed in the color fundus photograph (Table 1; Fig. 6A ). One was a disciform scar and the other was a new exudative lesion, as demonstrated by fluorescein angiography (Fig. 6B) . The polarization properties of these exudative lesions were completely different. The average reflectance image of GDx showed the disciform scar as high-intensity area and the new exudative lesion as a low-intensity area (Fig. 6C) . In the phase-retarda- Imaging Polarimetry in AMD 2665 tion map, the disciform scar had a clear-cut region of strong birefringence, and the new lesion showed only weak birefringence. No macular bowtie was present (Fig. 6D ). In the depolarized light image, the margin of the new lesion could be detected, and a choroidal vessel could be visualized in the area with the disciform scar (Fig. 6E ). In the intensity image of B-scan OCT, both lesions appeared as highly reflective areas and did not clearly distinguish the contents of two lesions (Fig. 6F) . The phase-retardation image of the B-scan PS-SD-OCT clearly distinguished the contents of two lesions. The area with the disciform scar showed clearly abnormal birefringence, whereas the new exudative lesion showed only subtle birefringence differences from the surrounding retina (Fig. 6G) . The cumulative phase-retardation value at the new CNV was 39°, but at the scar it was 137°. The polarization scramble at the RPE layer was difficult to detect. In the cutaway volume of phase-retardation images of PS-SD-OCT, again strong changes were found across the retina (Fig. 6H ). The area with abnormal birefringence corresponded to the area with the disciform scar and the area with abnormal birefringence in the GDx image. We compared mean cumulative phase retardation across patients with the lesions that occurred within 2 months in one group (patients 6 -9) and the older disciform scars in another group (patients 10 -12; Fig. 7) . Retardation values at the disciform scars were significantly higher than CNVs (P ϭ 0.020, Mann-Whitney U test; Fig. 8 ).
DISCUSSION
In this study, we compared GDx images and PS-SD-OCT images and evaluated polarization analysis as a noninvasive technique for the investigation of the stages of exudative AMD. In the polarization image of AMD, striking polarization changes were observed at the disciform scars in GDx images and PS-SD-OCT images. Areas of these polarization changes were consistent across the two systems. Retardation values at disciform scars were significantly higher than at recent CNVs. The polarization scramble at the RPE layer in PS-SD-OCT images was disrupted to various degrees, as expected, by the location and severity of the pathologic changes. The borders of well-defined CNV could be clearly detected in the depolarized light image. 6 These polarimetry findings provide information about the microstructure of the retina. Variations in the molecular compositions of the lesion components and determination of which tissues provide the strongest birefringence signal are two factors in polarization changes in light returning from the retinas of eyes with exudative AMD. Disciform scarring in exudative AMD contains an abnormal fibrotic change. 31 These fibrotic changes are composed of proteins that demonstrate birefringent properties. 14, 29 In the early stage of exudative AMD, this fibrotic change is not prominent, 31 and only a small birefringence change at the exudation could be observed. This polarimetry finding is useful in the evaluation of the microstructures at the highly reflective layer in OCT images, as shown in the patients with disciform scar with new exudative lesions (Fig. 6) . The phase-retardation image of PS-SD-OCT could discriminate polarization properties of two lesions, whereas the intensity image of OCT could not discriminate the contents of two lesions (Fig.  6 ). PS-SD-OCT could provide useful information about the microstructure of exudative lesions that could not be provided by conventional intensity-based OCT. Polarimetry imaging also provides information about the integrity of the microstructure of the retina. Polarization scramble at the RPE layer in PS-SD-OCT implies that microstructures of the retinal pigment epithelium are well preserved 16 and may be used as the optical signature of an intact retinal pigment epithelium, against which an RPE tear could be compared and thus detected. Polarimetry imaging provided additional information that could not be obtained with conventional en face imaging or OCT.
PS-SD-OCT has the potential to evaluate the polarization properties of macular disease. Three-dimensional information about intensity and polarization properties were obtained and provided en face information similar to that of GDx phaseretardance maps. However, PS-SD-OCT is still in the development stage and is not commercially available. Maintenance and operation are more complicated than commercialized OCT. The GDx is a commercially available system and has a long and continuing literature for clinical application in glaucoma 2 and macular disease. [5] [6] [7] [8] [9] [10] [11] A practical advantage of GDx over PS-SD-OCT is that the testing time of GDx (0.7 second) is shorter than that of PS-SD-OCT (5.5 seconds). The GDx is an effective system for easily obtaining the polarization state at the region of interest, and it provides information concerning multiply scattered light as well as birefringence. With PS-SD-OCT, the origin of the polarization change could be readily detected and could provide more information about polarization properties of retinal disease. A combination of GDx and PS-SD-OCT is an effective tool to understand the polarization properties of retinal disease.
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